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We propose a multi-messenger probe of the natural parameter space of QCD axion dark matter
based on observations of black hole-neutron star binary inspirals. It is suggested that a dense dark
matter spike may grow around intermediate mass black holes (103− 105 M). The presence of such
a spike produces two unique effects: a distinct phase shift in the gravitational wave strain during
the inspiral and a enhancement of the radio emission due to the resonant axion-photon conversion
occurring in the neutron star magnetosphere throughout the inspiral and merger. Remarkably,
the observation of the gravitational wave signal can be used to infer the dark matter density and,
consequently, to predict the radio emission. We study the projected sensitivity to the axion-photon
coupling in the light of the LISA interferometer and next-generation radio telescopes such as the
Square Kilometre Array. Given a sufficiently nearby detection, such observations will explore the
QCD axion in the mass range 10−7 eV to 10−5 eV.
Introduction — The particle nature of Dark Mat-
ter (DM) remains a mystery to physicists [1, 2] despite
numerous experimental efforts to observe its effects in
lab-based experiments and indirectly through astrophys-
ical observations [3–6]. Another fundamental indication
of New Physics comes from the strong charge parity (CP)
problem of quantum chromodynamics (QCD) [7]. CP vi-
olation in the QCD sector could generically be large but
instead appears to be fine-tuned below observable limits.
The most popular solution to this issue is the Peccei-
Quinn mechanism, which predicts the existence of the
axion [8–11]. Axion-like particles are also predicted in
several extensions of the Standard Model and they are
expected to appear in string theory [12]. However, only
in the case of the QCD axion is there a tight relation
between its mass and its couplings with ordinary mat-
ter [13–17].
These two fundamental issues can be addressed simul-
taneously by treating the QCD axion as a DM candi-
date [18]. The DM axion may be produced with the
correct relic abundance through the misalignment mech-
anism [19] (though see e.g. Refs. [20, 21] for alternatives).
So far, only a small part of the QCD axion parameter
space has been explored due to its weak interaction with
matter [22, 23]. However, new experimental techniques
to search for axions have been recently proposed [24–35]
(see Ref. [36] for a comprehensive review). Furthermore,
it has recently been noted that the Primakov effect can ef-
ficiently convert axions to photons in the magnetic fields
of Neutron Stars (NSs). These photons are potentially
observable with current and future radio telescopes, pro-
vided the axion-photon coupling strength is large enough
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FIG. 1. Illustration of the IMBH-DM-NS system. The
presence of an axion DM halo around the intermediate mass
black hole (IMBH) produces a phase shift in the strain of
the GW signal and radio emission due to its conversion into
photons in the neutron star (NS) magnetosphere. a and γ
represent an axion and radio photon respectively.
[37–39].
The recent discovery of Gravitational Waves (GWs)
has provided a new observational portal into extreme as-
trophysical environments [40]. The detection of the bi-
nary NS merger GW170817 and follow up electromag-
netic counterparts further revolutionised astrophysics
and truly defined the beginning of the multi-messenger
era [41, 42]. Distortions to the GWs from binary black
holes, caused by finite size affects of superradiant clouds,
have recently been shown to also provide a new probe
of beyond the standard model (BSM) physics [43, 44].
References [45, 46] have shown that the presence of
a DM mini-spike around an intermediate mass black
hole (IMBH) can dramatically affect the GW waveform
through dynamical friction, providing yet another direct
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2probe of BSM physics. DM environmental effects on GW
signals were studied more generally in Refs. [47, 48].
In this Letter, we explore the possibility of probing
the natural range of QCD axion DM parameters with
multi-messenger astronomy. To make this possible we
utilise the combined signal of GWs and radio emission
from a NS inspiraling towards an IMBH surrounded by a
dense spike of axion DM. This idea is sketched in Fig. 1.
We show that by measuring the spike profile from the
GW signal using LISA [49] (the space-based GW obser-
vatory planned for launch in the 2030s) we can predict
the gradual evolution of the radio signal during the inspi-
ral phase. Most importantly, the increased density due to
the mini-spike amplifies the signal dramatically, allowing
one to probe the axion coupling to photons for the most
commonly used QCD axion models [13–16]. We start by
describing the astrophysical system and possible forma-
tion mechanisms. Next we discuss the GW signal and
radio emission followed by the instrumental sensitivities
of LISA and the Square Kilometre Array (SKA) [50],
for 5 years and 100 hours of observation time respec-
tively. Finally, we present projected constraints on the
DM density profile (Fig. 2) and sensitivities to the axion
couplings (Fig. 3) before discussing caveats, including the
likelihood of observing such an astrophysical setup.
Astrophysical System — IMBHs are a class of BHs
with masses MBH = 10
2 − 105M. Thought to reside
in the centres of smaller spiral galaxies, as well as in
dense stellar environments such as globular clusters [51],
a growing number of observations point toward the exis-
tence of IMBHs in nature [52–55]. In addition, there are
multiple plausible formation mechanisms, such as run-
away growth through the mergers of stellar mass objects
[56–58]; by the direct collapse of gas clouds at high red-
shift [59, 60]; or primordial formation through the col-
lapse of large density perturbations before Big Bang Nu-
cleosynthesis [61–63].
These IMBHs may exist in DM halos [64–67]. It has
been shown that for collisionless DM particles, a BH re-
siding in the centre of the halo will go through adiabatic
growth [68]. The DM is then expected to form a dense
spike whose density profile ρDM(r) is a power law with
index α given by [68–71]:
ρDM(r) =
{
ρsp
( rsp
r
)α
, rISCO < r ≤ rsp
ρs
(r/rs)(1+r/rs)2
, r > rsp .
(1)
The NFW parameters ρs and rs [72] are related to the
cosmological history and mass of the halo, for which
we follow the same prescription as in Ref. [46], assum-
ing a formation redshift of zf = 20 and a total halo
mass of 106M. The radius of the BH’s inner-most sta-
ble circular orbit (ISCO) is denoted as rISCO. To solve
for the spike parameters we use the empirical definition
rsp ∼ 0.2 rh and the gravitational influence of the central
IMBH given by M(< rh) = 4pi
∫ rh
rISCO
ρDMr
2 dr = 2MBH
[46]. The spike profile can vary depending on the initial
DM profile. For an initially NFW-like profile, α = 7/3,
which we take as our baseline scenario. For the spike to
be preserved, the BH must not have gone through any
mergers in its recent past, nor have a dense and highly
energetic accretion disk [73, 74]. Globular cluster IMBHs
therefore represent the most likely location for this sys-
tem [75, 76].
In addition to the IMBH with surrounding DM halo,
we consider an inspiraling NS (on a circular orbit, for con-
creteness). NSs can have extremely high magnetic fields
(109−1015 G), allowing for efficient axion-photon conver-
sion close to the NS surface. NSs are readily formed in
globular clusters and are therefore plausible candidates
for mergers with IMBHs. We refer to the total system as
IMBH-DM-NS.
Reference [64] argues that there are many IMBHs
within our own Galactic halo. For an IMBH-DM-NS
system to form, the IMBH must capture a NS. This
process is very uncertain, relying on tracing formation
models from the early Universe to today [75, 77]. Ref-
erence [75] suggests that the detection rate density in
LISA will be approximately R ∼ 3− 10 Gpc−3 yr−1. We
therefore consider two scenarios, one in which the IMBH-
DM-NS system is close, at 0.01 Gpc, and one in which
the system is further away, at 1 Gpc. The former is an
optimistic scenario in terms of the strength of the ra-
dio signal, whereas many more of these farther systems
are likely to be observed over a ten year observing pe-
riod1.Importantly, these events are dominated by IMBHs
with masses 103 − 104 M. For concreteness we consider
an IMBH of 104 M since the additional gravitational
potential of the BH preserves the structure of the spike
for longer times [78]. We will discuss this assumption
further below.
Finally, we must make some assumptions for the pa-
rameters of the inspiralling NS. NS populations in glob-
ular clusters are thought to be much older than those of
normal pulsars found in galactic disks. These populations
are also uncertain, though it is thought that most NSs are
formed from electron-capture supernova processes due to
their minimal kick velocities [37, 76]. We therefore take
the magnetic field strength and spin period as 1012 G
and 10 s respectively [38, 76]. Note that similar NSs have
been found in observed globular clusters [79–83]. More-
over, we also assume MNS = 1.4 M and rNS = 10 km as
benchmark values for the mass and the radius of the NS.
Multi-Messenger Signals — There are two messen-
gers for the system, a distinct phase shift in the gravita-
tional wave strain and radio emission from axion-photon
conversion in the plasma of the NS. Both signals increase
as the NS approaches the IMBH, where a higher DM den-
sity is expected. The GW signal can be used to infer the
DM density around the IMBH, so making a prediction
for the axion radio emission.
1 We note that 1 Gpc corresponds to z ≈ 0.25 and a signal-to-noise
ratio of ∼ 1 in LISA.
3Both signatures rely on the assumption that the DM
can be treated as a particle, rather than a wave, therefore
limiting us to axion masses ma > 10
−7 eV. The corre-
sponding Compton wavelength is 0.01 km, significantly
smaller than the size of the NS. We therefore assume the
spike acts as cold dark matter. We also require that the
axion-photon conversion occurs exterior to the NS, set-
ting an upper limit of ma < 1.4 × 10−5 eV. We now
discuss each signal in turn.
The dominant effect to cause a deviation from the
vacuum inspiral signal is the gravitational interaction
between the halo of DM particles and the NS passing
through it, known as dynamical friction (DF) [84–86].
Dynamical friction exerts a drag force on the NS:
fDF = 4piG
2
NM
2
NS
ρDM(r)
v2NS(r)
ln Λ , (2)
where GN is the gravitational constant, vNS is the veloc-
ity of the NS, and we take ln Λ ∼ 3 for the Coulomb
logarithm. This force causes a loss of orbital energy
from the NS, changing the accumulated phase of the GW
signal and eventually reducing the inspiral time before
merger with respect to the vacuum waveform. We see
from Eq. (2) that this force grows as the NS inspirals2,
although so too does the radiation reaction force due to
the emission of GWs.
In the Newtonian regime, the frequency-domain wave-
form of the IMBH-DM-NS system is computed by solving
the energy balance equations, taking into account the ef-
fect of both DF and GW emission on the orbital energy
of the system [46]. The resulting phase difference with
respect to the vacuum inspiral signal depends both on
the chirp mass Mc ' M3/5NS M2/5BH and on the individual
masses MBH and MNS
3. Note that higher order post-
Newtonian affects on the inspiral will be important in
breaking the degeneracy between the individual masses
of the objects and the chirp mass as well as deducing
spins of the NS and BH.
We assume a 5-year observation with LISA, beginning
at a GW frequency of 0.04 Hz and ending with a GW
frequency of 0.44 Hz at the ISCO. This observation is
then used to constrain the DM density at different radii
from the central IMBH, corresponding to different times
during the inspiral.
The radio signal is due to resonant axion-photon con-
version occurring when the plasma frequency matches the
axion mass, ωp = ma/2pi. The relevant interaction term
in the Lagrangian is given by
L = −1
4
gaγγaF
µν F˜µν = −1
4
gaγγaE ·B (3)
2 The NS orbital velocity grows roughly as r−1/2, so that the DF
force scales roughly as r−α+1.
3 Note that we only consider low redshift systems, z  1, therefore
we ignore any difference between lab and system frame.
where a is the axion field, gaγγ is the axion-photon cou-
pling and Fµν is the electromagnetic field strength ten-
sor and F˜µν its dual. Following Ref. [38] we use the
Goldreich-Julian model for the NS plasma [87]. Using
the WKB and stationary phase approximations, the ra-
diated power is given by,
dP
dΩ
∼ 2× paγ ρDM(rc) vc r2c , (4)
where rc is the radius at which conversion happens, vc
is the DM velocity at the conversion radius, ρDM(rc) is
the DM density at the conversion radius, and paγ is the
energy transfer function. The energy transfer function is
given by,
paγ ∼
g2aγγ B(rc)
2 L2conv
2vc
, (5)
where B(rc) ∼ (rNS/rc)3 is the magnetic field strength at
the conversion radius, and Lconv =
√
2pircvc/3ma is the
length of the region over which conversion takes place.
For the sake of simplicity, we consider the benchmark
case of an aligned NS viewed at an angle of pi/2 with
respect to the NS rotation axis. In this case, we have
rc = 5.8× 10−3 (1 eV/ma)2/3 km. A systematic study of
the signal as a function of the angular configuration and
time is in preparation [88].
We use Eddington’s inversion formula to calculate the
six-dimensional phase-space distribution function of the
DM in the BH frame (see e.g. [89, 90]), assuming that
the DM distribution is isotropic and spherically symmet-
ric. This distribution f(E) then depends on the relative
energy E = Ψ(r)− 12v2 and the relative gravitational po-
tential Ψ = Φ0 − Φ. For radii r . 10−8 pc (the point at
which the GW signal would become observable) the mass
enclosed is dominated by the BH mass and we therefore
neglect the contribution of the mini-spike to the relative
potential: Ψ = ΨBH = GN MBH/r. In this case, we find
f(E) ∝ Eα−3/2 (for E > 0).
Nearby DM particles are accelerated under gravity as
they infall toward the NS. Particles with initial velocity
v reach a velocity
√
v2 + 2ΨNS at the conversion radius,
where the NS potential is ΨNS = GNMNS/rc. By apply-
ing Liouville’s theorem [91], we find the DM density at
the conversion radius to be,
ρDM(rc) =
√
2
pi
ρsprsp
α
(GNMBH)α
α(α− 1)Γ(α− 1)
Γ(α− 12 )
×
∫ vmax
vmin
[
ΨBH + ΨNS − v
2
2
]α− 32
v2 dv,
(6)
where vmin =
√
2ΨNS and vmax =
√
2 (ΨBH + ΨNS). We
assume that the amplitude of the radiated power is dom-
4inated by the peak of the velocity distribution4:
v2c ∼
2GNMBH
r
[
α− 1
2
]−1
+
2GNMNS
rc
. (7)
Finally, the flux density of the radio signal is given by
S =
1
B d2
dP
dΩ
, (8)
where d is the distance of the system from us and B is
the bandwidth of the signal that is computed by calcu-
lating the 90% containment region of the DM velocity
distribution far from the NS.
Results — We first show in Fig. 2 how the density of
the DM halo can be reconstructed as a function of the
radius from the IMBH. To calculate the error we take ten
log-spaced radial bins (equivalently ten frequency bins)
and integrate the noise weighted inner product between
the associated lower and upper frequencies, f il and f
i
u
respectively. This allows us to calculate the Fisher infor-
mation and thus the error on α:
∆α
α
=
[
4 Re
(∫ fiu
fil
∂h
∂ lnα
∂h∗
∂ lnα
Sn(f)
df
)]− 12
, (9)
where Sn(f) is the LISA noise spectral density taken from
Ref. [46] and h is the gravitational wave strain5. We ne-
glect additional errors from the correlation between dif-
ferent parameters; Ref. [46] showed that for α they are
relatively small. In addition, we assume that the masses
and spins of the two objects can be measured in addi-
tion to the chirp mass, Mc, when higher order effects
are taken into account close to merger. This breaks the
degeneracy between the normalisation and the slope of
the density profile. Note that any additional errors from
the determination of the individual masses and spins are
not included here. A more detailed calculation of these
errors is left to future work.
Figure 2 shows the 1σ uncertainty on the density re-
construction for our benchmark slope of α = 7/3. At
radii larger than r & 6 × 10−9 pc, the DM density can
be constrained to better than 10%, but as the separa-
tion of the binary decreases the uncertainty on the DM
density increases. This is due to three effects; firstly, the
gravitational interaction of the objects becomes greater
closer to merger, leading GW emission (and not DF) to
dominate the phase evolution of the waveform. Secondly,
the number of cycles spent at a given radius is not evenly
distributed, as can be seen by the upper y-axis of Fig. 2
which indicates the time to merger. Finally, the LISA
sensitivity decreases at higher frequencies, weakening the
4 Note that we do not consider the boost to the NS frame since
the NS orbital velocity is subdominant with respect to the DM
peak velocity.
5 ∗ indicates the complex conjugate.
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FIG. 2. Error on the DM density from GW measure-
ments of α. Green bands show the 1σ uncertainties on the
reconstructed DM density from analysing the GW waveform
(for a system at d = 10 Mpc representing a signal-to-noise for
LISA of ∼ 92) over 10 bins in radius (measured from the po-
sition of the 104 M IMBH). The fiducial density profile with
α = 7/3 is shown as a blue dashed line. Along the top axis
we also label the approximate time-to-merger as a function of
radius in the vacuum case.
constraining power at small r. The phase evolution of the
waveform is therefore very sensitive to the DM dynamical
friction (and therefore the DM density) predominantly
when the radial separation r is large. Such constraints
on the density can then be fed directly into the EM signal
calculation, predicting the expected radio emission.
In Fig. 3, we show the projected sensitivity curves of
the future SKA telescope to the axion parameter space
for two different distances d of the IMBH-DM-NS system
and two different radii r during the inspiral. They have
been obtained by considering the minimum detectable
flux density which provides a signal-to-noise ratio (SNR)
equal to one. In particular, for a radio telescope,
SNR =
S
SEFD
√
npol B∆tobs , (10)
where npol = 2 is the number of polarizations, ∆tobs
is the observation time and SEFD = 0.098 is the SKA
system-equivalent flux density [37, 92]. By inverting this
relation, we obtain the minimum axion-photon coupling
probed as a function of the axion mass. In particular, by
neglecting the second term in the expression (7) for the
velocity vc, one can show that roughly g
min
aγγ ∼ m−1/2a . In
all cases, we consider an observation time of 100 hours.
This is roughly the time spent by the system from the
closest orbit we consider (r = 3 × 10−9 pc) until the
merger.
As can be seen in the plot, a crucial parameter is the
distance of the IMBH-DM-NS system since the flux den-
sity depends on its inverse square. On the other hand, the
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FIG. 3. Projected sensitivity to the axion-photon cou-
pling from radio observations. Sensitivity curves of the
SKA telescope (100 hours of observation) to the axion-photon
coupling as a function of the axion mass for two different in-
spiral orbits, r = 6 × 10−9 pc (dashed) and r = 3 × 10−9 pc
(solid), and two different IMBH-DM-NS system locations,
d = 0.01 Gpc (dark red) and d = 1.00 Gpc (light red). Here,
we assume α = 7/3 for the slope of the DM spike. The pre-
dicted range of parameters for the QCD axion are represented
by the blue band, while the vertical gray bands show the cur-
rent and future ADMX limits [22, 23].
sensitivity curves do not strongly depend on the relative
distance r between the BH and the NS. Radio observa-
tions taken when r ∼ 3× 10−9 pc (solid lines) yield sen-
sitivities to gaγγ which are roughly a factor of 2 greater
than for r ∼ 6 × 10−9 pc (dashed lines). In Fig. 3, we
have fixed ρDM to the fiducial density profile. However,
as we saw in Fig. 2, the DM density is likely to be more
poorly constrained at smaller radii, making the radio sen-
sitivity at large r substantially more robust (though not
substantially weaker).
Discussion — With a sufficiently nearby detection
of such a BH-NS system, it will be possible to probe
the natural parameter space of the QCD axion. We find
roughly a 0.05% probability of a detection closer than d =
0.01 Gpc over 10 years, using predicted LISA detection
rates for such systems [75] (though these typically come
with large uncertainties). Instead, out to d = 1 Gpc, we
expect a few tens of detections per year. Here we have
considered the observation of a single benchmark system,
but detecting and studying a larger population of such
systems would allow us to strengthen the projections we
present here.
A joint GW+EM detection would be a striking con-
firmation of axion dark matter. Though in some scenar-
ios the dense DM spike would not be preserved [73, 74],
GW observations can be used to confirm (or disfavor) the
presence of a spike in a given system, as demonstrated
in Fig. 2. The better estimation of the DM density at
larger separations should reduce the uncertainties on the
expected radio signal. Finally, we stress that one can
take advantage of a greater observation time to probe
smaller axion-photon couplings.
We have checked that the mini-spike should survive
the merger itself; the work done by dynamical friction
during the five year inspiral is only a few percent of the
total gravitational binding energy of the halo. A more
detailed study of feedback on the DM halo in different
systems is in preparation [78]. We have also verified that
the plasma remains bound to the NS; even down to the
innermost orbit, the forces from the NS magnetosphere
dominate over the gravitational force from the BH by
many orders of magnitude. Thus, despite the violent
environment, both signatures from GW and EM emission
should be preserved.
Finally, we note that above around ma ∼ 10−6 eV,
these broadband sensitivities would be complementary to
current and proposed axion haloscope experiments [22–
27] (some of which are plotted in Fig. 3). These are sen-
sitive to the density of DM local to Earth, which carries
its own uncertainties [93]. Such uncertainties on the DM
density can be mitigated in our scenario by combining in-
formation from GW and radio emission. Multi-messenger
observations of Black Hole - Dark Matter - Neutron Star
systems therefore have the potential to explore the natu-
ral parameter space of the QCD axion for masses between
10−7 eV and 10−5 eV.
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1A Unique Multi-Messenger Signal of QCD Axion Dark Matter
Supplementary Material
Thomas D. P. Edwards, Marco Chianese, Bradley J. Kavanagh, Samaya M. Nissanke, and Christoph Weniger
This Supplementary Material is organized as follows: In App. I we discuss both the gravitational wave and radio
signals dependence on the Dark Matter (DM) spike parameters. Appendix II discusses the velocity distribution of
the DM, highlighting its limitations and how it can be addressed in future work. Finally, App. III discusses the
dependence of the radio signal on the Neutron Star (NS) parameters. Here, we also speculate about the amplification
of the radio signal if the neutron star had magnetic field strengths up to 1015 G or spin periods down to 0.1 s.
I. GRAVITATIONAL WAVES AND SPIKE DEPENDENCE
The phase difference between a vacuum inspiral and the one considered here is given by,
∆Ψ = Φ˜− Φ , (S1)
where Φ = − 34
(
8piGMcf/c3
)−5/3
is the Newtonian vacuum phase evolution and Φ˜ is the phase evolution including
dynamical friction, as given by Eq. (28c) of Ref. [46]. The phase evolution of the gravitational wave signal provides a
fundamental insight into the dynamics of the binary system. As shown in Fig. S1, the presence of a DM spike (with
α > 2.0) produces a considerable phase shift when compared to the evolution of a vacuum inspiral. Again for α > 2.0,
the specific phase evolution of any particular system can therefore be used to constrain α to extremely high precision.
For α < 2.0, the phase difference becomes increasingly difficult to probe. Assuming the masses of the two objects
can be independently measured to high precision, the constraint on α provides a direct constraint on the DM density
local to the position of the NS [78]. We do not account for errors on the overall normalisation of the DM density
profile directly. The normalisation can also be measured, though it is degenerate with MNS and MBH. To resolve
the individual masses, higher order effects close to merger need to be accounted for. The errors associated with the
individual mass determinations may dominate the error on the DM density normalisation at larger radii, but this is
beyond the scope of the paper. We will address this in future work.
10−2 10−1 100
Frequency, f [Hz]
10−6
10−4
10−2
100
102
104
106
P
h
as
e
d
iff
er
en
ce
,
∆
Ψ
α = 2.5
α = 7/3
α = 2.0
FIG. S1. Phase difference between vacuum and DM spike inspiral. We show the difference in the phase evolution
of the IMBH-DM-NS system compared to a vacuum IMBH-NS inspiral for α = {2.0, 7/3, 2.5}. As α is increased, the phase
difference becomes larger. Similarly, the phase difference continues to be significant for higher frequencies when α > 7/3. This
persistent phase shift for large α is reflected as tighter constraints on the DM density, as seen in Fig. S2.
Figure S2 shows the constraint on the DM density from the GW signal, as described in the main text. The left
and right panels show the constraint for α = 2.0 and α = 2.5, respectively. The error bars become larger for lower
values of α; this can easily be understood from Fig. S1. As the inspiral progresses, the GW frequency becomes larger
(equivalently, the radius decreases). Similarly, the phase difference becomes ever smaller, gradually approaching the
vacuum inspiral phase evolution and therefore providing no probe of the DM density. As α is increased, the large
phase differences persist further into the inspiral, allowing one to probe the DM density closer to the IMBH.
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FIG. S2. Error on the DM density from GW measurements of α. Green bands show the 1σ uncertainties on the
reconstructed DM density from analysing the GW waveform (for a system at d = 10 Mpc) over 10 bins in radius (measured
from the position of the 104 M IMBH). The fiducial density profiles are shown as a blue dashed line with α = {2.0, 7/3, 2.5}
on the left and right respectively. Along the top axis we also label the approximate time-to-merger as a function of radius in
the vacuum case.
10−7 10−6 10−5 10−4
Axion Mass, ma [eV]
10−18
10−17
10−16
10−15
10−14
10−13
10−12
10−11
10−10
A
x
io
n
-P
h
ot
on
C
ou
p
li
n
g,
g a
γ
γ
[G
eV
−1
]
P = 10 s
B0 = 10
12 G
A
D
M
X
A
D
M
X
p
ro
je
ct
io
n
QCD
axio
n
α = 2.5
α = 7/3
α = 2.0
FIG. S3. Projected sensitivity to the axion-photon coupling from radio observations. Sensitivity curves of the SKA
telescope (100 hours of observation) to the axion-photon coupling as a function of the axion mass for α = {2.0, 7/3, 2.5}. Here,
we assume a radial separation of r = 3×10−9 pc, d = 0.01 Gpc for the distance to the system, B0 = 1012 G for the NS magnetic
field, and P = 10 s as the NS spin period. The predicted range of parameters for the QCD axion are represented by the blue
band, while the vertical gray bands show the current and future ADMX limits [22, 23].
Finally, in Fig. S3 we present the radio sensitivity for α = {2.0, 7/3, 2.5}. As expected, the varying density, as
shown in Fig. S2, amplifies or decreases the density close the IMBH. For α = 2.0, it is still possible to probe a small
range of the QCD axion parameter space, although the constraint on the DM density becomes significantly worse (see
left panel of Fig. S2). When α = 2.5, the density can be constrained extremely well down to small radii. The density
is also increased by an order of magnitude compared to the α = 7/3 scenario, subsequently increasing the sensitivity
by a similar amount.
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FIG. S4. Dark Matter Speed distributions. DM speed distribution derived from the Eddington Inversion formula,
Eq. (S2), at different distances r from the central IMBH, MIMBH = 10
4M. Solid lines show the full calculation accounting for
the potential due to the DM halo itself, while dashed lines show the approximate result, Eq. (S5), including on the potential
due to the IMBH. Here, we assume α = 7/3.
II. DARK MATTER VELOCITY DISTRIBUTION
We assume that the distribution of DM around the central black hole is spherically symmetric and that the velocity
distribution of DM particles is isotropic. In this case, we can calculate the DM distribution function using Eddington’s
Inversion Formula:
f(E) = 1√
8pi2
∫ E
0
dΨ√E −Ψ
d2ρ
dΨ2
. (S2)
Here, ρ(r) is the density profile of the DM particles, while Ψ(r) is the total gravitational potential, which in general
includes a contribution from both the central mass and the mass enclosed in the DM halo. However, at small radii,
the enclosed DM mass is small and we can typically neglect the contribution of the DM halo itself to the gravitational
potential. We thus write Ψ(r) = GN MBH/r and re-express the density in terms of the potential:
ρ(Ψ) = ρsp
(
rsp
GN MBH
)α
Ψα . (S3)
We therefore find:
f(E) = α(α− 1)√
8pi2
ρsp
(
rsp
GN MBH
)α ∫ E
0
Ψα−2
dΨ√E −Ψ
=
α(α− 1)
(2pi)3/2
ρsp
(
rsp
GN MBH
)α
Γ(α− 1)
Γ(α− 12 )
Eα−3/2 .
(S4)
The DM speed distribution at a radius r is then given by
f(v|r) = 4piv2 f(Ψ(r)−
1
2v
2)
ρ(r)
=
4√
pi
Γ (α+ 1)
Γ
(
α− 12
) v2
v2αmax
(
v2max − v2
)α−3/2
. (S5)
Here, we have defined vmax = vmax(r) =
√
2Ψ(r), and we set the speed distribution to zero for v > vmax(r). With
this definition, the speed distribution is normalised to one at any given radius:∫ vmax(r)
0
f(v|r) dv = 1 . (S6)
In Fig. S4, we show the DM speed distribution at several radii r, assuming α = 7/3 and MIMBH = 10
4M. Solid
lines show the speed distribution derived from a full numerical calculation of f(E) (using Eq. (S4) and including
4self-consistently the potential due to the DM halo). Dashed lines show the approximate speed distribution given in
Eq. (S5) (neglecting the potential of the DM halo itself). We see that in all cases of interest to us, r . 10−8 pc,
Eq. (S5) provides an excellent approximation to the full expression.
Finally, we note that as r → rISCO, the maximum DM speed tends towards the speed of light. As we discuss in
the main text, the dominant effect from dynamical friction typically occurs at larger radii, where the DM speeds are
lower and the non-relativistic formalism should apply. However, at a radius r = 3× 10−9 pc, the maximum DM speed
is vmax ≈ 1.7× 105 km/s ≈ 0.56 c. Adding also the infall velocity toward the conversion radius, the DM particles are
accelerated up to ∼ 0.8 c. This suggests that towards the end of the inspiral, our non-relativistic formalism would
over-estimate the speeds which can be reached by the DM particles. However, even at r = 3×10−9 pc, the DM speeds
are still only mildly relativistic (γ ∼ 1.7), suggesting that this should be a small effect. We leave a more detailed
analysis – including relativistic effects, boosting in the NS rest-frame and anisotropy of the infalling DM flux – to
future work.
III. NEUTRON STAR PARAMETERS
The NS parameters that regulate the amplitude of the radio signal (produced by the resonant axion-photon conver-
sion) are the magnetic field strength at the NS poles B0 and the spin period P . Together, they define the conversion
radius given by
rc ' 5.8× 10−3 km× |3 cos θ − 1|1/3
( rNS
10 km
)[ B0
1012 G
10 s
P
(
1 eV
ma
)2]1/3
, (S7)
and, consequently, the magnetic field at rc, which in the Goldreich-Julian model [87] takes the form
B (rc) =
B0
2
(
rNS
rc
)3 (
3 cos2 θ + 1
)1/2
, (S8)
where θ is the viewing angle that defines the direction of the Earth with respect to the NS axis. By plugging these
expressions into Eqs. (4) and (5), we find the scaling with respect to B0 and P to be
dP
dΩ
∝ B0 P
(
3 cos2 θ + 1
|3 cos θ − 1|
)[
g2aγγma ρDM(rc) vc
]
. (S9)
where the quantities in the squared parentheses are almost independent of the NS parameters. Hence, for a given
axion mass, the larger the NS magnetic field and spin period, the larger the radiated power. Furthermore, the radiated
power can be significantly larger for cos θ = 1/3; for other values of the viewing angle the radiated power is unaffected.
In Fig. S5 we report the projected sensitivity curves of SKA for three different values for the NS magnetic field
strength (left panel) and three different values for the NS spin period (right panel), while fixing r = 3 × 10−9 pc,
d = 0.01 Gpc, θ = pi/2 and α = 7/3. As expected, the larger the magnetic field and the spin period, the smaller
the axion-photon coupling that can be probed by SKA. Moreover, larger axion masses can be explored for larger
magnetic fields or smaller spin periods. Equation (S7) shows that increasing B0, or decreasing P , causes axion-photon
conversion to occur at a larger radius. The requirement rc ≥ rNS = 10 km is then satisfied for a larger axion masses.
Finally, we note that the values for B0 and P considered here cover almost all the possible properties of active
NSs, according to the ATNF pulsar catalog [96]. On the other hand, old dead NSs are expected to have low magnetic
fields and large spin periods, providing weaker sensitivities. However, their properties are quite uncertain and model-
dependent [37, 97, 98].
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FIG. S5. Projected sensitivity to the axion-photon coupling from radio observations. Sensitivity curves of SKA
telescope (100 hours of observation) to the axion-photon coupling as a function of the axion mass for three values of the NS
magnetic field strength (left panel) and three values of the NS spin period (right panel). Here, we assume α = 7/3 for the slope
of the DM spike, r = 3× 10−9 pc and d = 0.01 Gpc.
